[1] The physical effects of hurricanes include deepening of the mixed layer and decreasing of the sea surface temperature in response to entrainment, curl-induced upwelling, and increased upper ocean cooling. However, the biological effects of hurricanes remain relatively unexplored. In this paper, we examine the passages of 13 hurricanes through the Sargasso Sea region of the North Atlantic during the years 1998 through 2001. Remotely sensed ocean color shows increased concentrations of surface chlorophyll within the cool wakes of the hurricanes, apparently in response to the injection of nutrients and/or biogenic pigments into the oligotrophic surface waters. This increase in post-storm surface chlorophyll concentration usually lasted 2-3 weeks before it returned to its nominal pre-hurricane level.
Introduction
[2] The Sargasso Sea spans the subtropical gyre roughly between 20°N and 35°N and 70°W and 30°W , bounded by the North Equatorial Current to the south and the Gulf Stream to the north and west. In winter, climatological sea surface temperatures (SSTs) range from 19°C in the northeast to 26°C in the southwest while, in the summer, these SSTs range from 24°C in the east to 28°C in the west. The comprehensive in situ measurements made as part of the Bermuda Atlantic Time series Study (BATS) and the Bermuda Testbed Mooring (BTM) programs provide a picture of seasonal cycles of physical and biogeochemical processes in the northern Sargasso Sea. Mixed-layer depth at the BATS/BTM sites (approximately 32°N, 64°W) ranges from greater than 170 m in winter to as shallow as 10-20 m during the summer [Steinberg et al., 2001; Dickey et al., 1998a Dickey et al., , 2001 . The mean permanent pycnocline depth is greater than 500 m, with a shallower isothermal layer of subtropical mode water (temperature 18°C) that is evident over much of the domain and thought to be formed during seasonal convection [Talley and Raymer, 1982] . Wintertime convection occurs in the northern Sargasso Sea as a result of wind mixing and heat loss. Such convective mixing is much less evident in the southern Sargasso Sea, where the seasonal SST variation is only a few degrees.
[3] Nutrient availability in the euphotic zone is closely linked to the seasonal mixed-layer evolution, with wintertime nitrate concentrations typically reaching 1 mM when subtropical (18°C) mode water ventilates to the north [Steinberg et al., 2001 , and references therein]. In the southern Sargasso Sea, this typically does not occur so winter nutrient enrichment is less pronounced. During this nutrient enrichment period, phytoplankton growth is lightlimited, as the depth of the mixed layer exceeds the critical depth so that an accumulation of phytoplankton biomass cannot occur [Siegel et al., 2002] . It is also noteworthy that mesoscale eddies that have been observed near the BATS/ BTM sites can result in nutrient injections into the euphotic layer, elevated primary production, and increases in organic particle fluxes to depth [e.g., McNeil et al., 1999; Dickey et al., 2001; Conte et al., 2003] .
[4] When the mixed layer shoals during March -April, the spring phytoplankton bloom is triggered, extending northward over time [Siegel et al., 1990] . This spring bloom rapidly utilizes the nutrients in the surface waters, and the subsurface deep chlorophyll maximum (DCM) begins to develop, as water column stratification continues to intensify below the shallow 15 -25 m mixed layer/seasonal thermocline from late spring to early fall. The seasonal thermocline inhibits further nutrient enrichment of the surface waters. The DCM manifests below the mixed layer at the depth where turbulent diffusion or breaking internal gravity waves maintain nutrient concentrations sufficient to sustain ample rates of primary productivity given the ambient light field [Varela et al., 1992] . The DCM's seasonal deepening relates primarily to the seasonal increase in short wave insolation. At the BATS site, the DCM typically is concentrated between 60 and 100 m and then deepens through the fall. Episodic forcing by mesoscale eddies and strong wind events plays an important role in establishing the detailed progression of the seasonal cycle just described.
[5] Hurricane-force winds (speeds greater than 33 m s À1 ) have dramatic effects on the upper ocean. Frequently, nearsurface waters cool several degrees C as mixed layers deepen by tens of meters with the most intense changes occurring under the more intense winds on the right-hand side (left-hand side in the Southern Hemisphere) of the storm track [Hazelworth, 1968; Dickey and Simpson, 1983; Stramma et al., 1986; Sanford et al., 1987] . Conversely, downward mixing of heat causes the upper seasonal thermocline waters to warm. High-amplitude near-inertial internal gravity waves (with vertical displacements of isotherms of a few tens of meters) and currents (around 1 m s À1 ) are induced, which persist for several days, and geostrophic flows may be produced also [Shay and Elsberry, 1987; Shay et al., 1989 Shay et al., , 1990 Dickey et al., 1998b; Zedler et al., 2002] . The SST decrease is a result of both enhanced vertical mixing and upwelling induced by a near-inertial response of the oceanic mixed layer to the asymmetric surface wind stress [Price, 1981; Shay and Elsberry, 1987] , as well as flux-induced cooling.
[6] The upper ocean response to a particular hurricane depends on several parameters involving atmospheric and oceanic variables [e.g., Price, 1981; Dickey et al., 1998b] . Some of the important atmospheric variables include hurricane size (e.g., radius of tropical storm force winds, radius of hurricane-force winds), strength (wind speed), and transit speed. Local hydrodynamic conditions (i.e., preexisting stratification and near-inertial currents) also play important roles in oceanic response to a hurricane, while the vertical distribution of nutrients and phytoplankton are primary factors in defining the resulting biogeochemical response. Implicit in these pre-hurricane conditions is the possibility that a hurricane can pass through the same area as a previous hurricane so that the post-hurricane conditions of the first storm become the pre-hurricane conditions of the subsequent storm (cases like this are discussed below).
[7] Although the biological response of the open ocean to hurricane-force winds is poorly understood at present, increases in phytoplankton concentration have commonly been observed in oceanic regions subject to coastal upwelling [e.g., Sousa and Bricaud, 1992] , upwelling associated with oceanic fronts [Strass, 1992] , and upwelling associated with mesoscale eddies [McGillicuddy and Robinson, 1997; McNeil et al., 1999; McGillicuddy et al., 1998 McGillicuddy et al., , 2001 . Oceanic upwelling results in an increase in near-surface phytoplankton because phytoplankton are brought closer to the surface so that their photosynthetic system receives greater solar irradiance and because requisite nutrients are transported into the euphotic zone. Potential hurricane impacts include changes in upper ocean biogeochemistry such as enhanced efflux of carbon dioxide to the atmosphere [e.g., Bates et al., 1998 ], triggering of episodic export production that would tend to counter this carbon dioxide efflux, and modification of upper ocean heating rates and heat fluxes as phytoplankton blooms modulate the magnitude of downwelling irradiance [e.g., Dickey and Falkowski, 2002] .
[8] The Bermuda Testbed Mooring (BTM), located 80 km southeast of Bermuda in 4.4-km-deep waters, has made the only in situ measurements of both physical and bio-optical properties in the Sargasso Sea associated with a hurricane passage (1995 Hurricane Felix and 2003 Hurricane Fabian) of which we are aware [Dickey et al., 1998a [Dickey et al., , 1998b Zedler et al., 2002] . Unfortunately, no simultaneous satellite-based ocean color observations were available over the region to complement this in situ response data set for Hurricane Felix. The BTM data for Hurricane Fabian will be recovered in November 2003. However, our preliminary interdisciplinary modeling study suggested that an increase in chlorophyll (chl-a) associated with a phytoplankton bloom could result under suitable conditions following hurricane passage [Babin et al., 2002] .
[9] The present study therefore exploits the broad spatial coverage of satellite observations of chl-a and SST to examine the biological and physical response of the mixed layer to hurricane forcing. In an effort to simplify the process of identifying pertinent mechanisms contributing to these responses, we select for this study a geographic domain consisting of a box bounded by latitudes 20°N to 32°N and longitudes 55°W to 78°W (Figure 1 ). This region will be defined herein as ''the box'' and is a region of oligotrophic open ocean unaffected by coastal or bottom influences. The waters of this region are considered to be optical Case 1 in classification [Morel and Prieur, 1977] , meaning that phytoplankton and their biological products, rather than terrigenous materials, are primarily responsible for variations in optical properties. Chromophoric dissolved organic matter (also known as CDOM or gelbstoffe) makes relatively small contributions to the optical properties in Case 1 waters.
[10] We will focus our investigation on hurricanes that cross this box during the Atlantic hurricane season of June 1 to November 30. For each of these hurricanes, we estimate key physical and biological characteristics in an effort to quantify the hurricane-induced ecosystem response in an oligotrophic regime. Only the years 1998 through 2001 will be examined, and each of these years had what the National Hurricane Center (NHC) characterized as above-normal activity. Interestingly, the last 6 years of the twentieth century are among the most impressive in modern record with a 2.5-fold increase in hurricanes with sustained winds exceeding 50 m s
À1
. This increase in hurricane activity may be related to greater SSTs and less vertical wind shear in regions where hurricanes are spawned [Elsner, 2003] . The year 1998 is chosen as a starting point because that was the first complete Atlantic hurricane season for which satellitederived chl-a data from the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) were available.
[11] For the remainder of this paper, we first present the methods used in this study, including the use of data sets containing relevant physical and biological data over the western North Atlantic Ocean during the hurricane seasons of 1998 through 2001. Next, the remote sensing chl-a and SST observations are described in the context of the NHC reports for each storm and for each year's Atlantic hurricane season. We then provide an illustrative example of how the remote sensing observations are used to determine chl-a and SST before and after a particular hurricane passage (1998 Bonnie). Our analysis of the remote sensing results and a discussion of possible explanations for the occurrence of hurricane-induced surface chl-a enhancements are then presented.
Methods

Parameters Derived From Remote Sensing
[12] Because concurrent in situ measurements along the tracks of the hurricanes we examined were not available, satellite data are used in this study. These data include SST, as derived from the Advanced Very High Resolution Radiometer (AVHRR) onboard certain NOAA satellites, and chl-a, as derived from the SeaWiFS sensor onboard the Orbital Sciences Corporation's OrbView-2 satellite [McClain, 2001] . Details of these satellites and their data are provided in Appendix A.
[13] To obtain representative SST and chl-a values along each hurricane track, the following procedure was used. First, chl-a pixel values within the box greater than 60 mg m
À3
were set to zero and the SST pixel values within the box were checked for obvious errors. For the NHC-determined latitude and longitude for each hurricane track point within the box, a ''cell'' was constructed that extended 0.5°latitude north and south and 1°longitude west and 2°longitude east of this track point. The SST or chl-a values for each pixel within this cell were summed and divided by the number of nonzero pixels (to minimize the impact of any cloudy pixels possibly remaining in the chl-a 8-day means or SST 7-day composites). As these numbers are calculated for each point along the hurricane track within the box, they are summed. The final chl-a or SST along-track value representing each hurricane is then divided by the number of track points within the box. The number of track points within the box depends on the forward speed of the hurricane and how frequently the NHC issued hurricane advisories (every 6 hours and more often when populated land was being threatened). Such an SST or chl-a value is then determined for each 7-day composite AVHRR image or 8-day mean SeaWiFS image, respectively, for data along the entire hurricane track within the box defined above, beginning several weeks before hurricane passage to a month or more after hurricane passage. In this way, we have determined representative along-track SST and chl-a values before (as a benchmark for seasonal and interannual variability at a given location) and after each hurricane as it passes through the box. Details of this method will be illustrated for 1998 Hurricane Bonnie in section 3.
Parameters Derived From National Hurricane Center (NHC) Reports
[14] Because in situ meteorological measurements were not available, we obtained the physical parameters of the hurricanes from NHC reports, including the hurricane track (latitude, longitude), the maximum sustained winds, the transit speeds, the radii of hurricane-force winds, and the radii of tropical storm force winds. While each hurricane was within the box defined above, we then determined the maximum of its reported maximum sustained wind speeds, the mean of its reported maximum sustained wind speeds, the maximum of its reported radii of hurricane-force winds and the maximum of its reported radii of tropical storm force winds. The transit time of each hurricane within the box was determined by taking the NHC reported times for each track point within the box and calculating the time difference between the track's endpoints within the box. The transit distance of each hurricane within the box was determined by summing the distances between each track point within the box. The transit speed of each hurricane within the box was then calculated as this transit distance divided by the transit time.
[15] Using the NHC-reported physical parameters described above, we estimated certain derived parameters used in other hurricane studies [e.g., Greatbatch, 1984; Price et al., 1994; Dickey et al., 1998b] . These parameters include the alongtrack scale L i , the nondimensional storm speed S, the Mach number C, and the isopycnal displacement of the seasonal thermocline h. The equations for the along-track scale and nondimensional storm speed are
where U H is the hurricane transit speed, f is the Coriolis parameter, and R is the radius to maximum stress. As an estimate for R, we used the NHC-reported radius of hurricane-force winds. The value of S is considered an indication of the timescale over which the ocean experiences the wind stress of the hurricane compared with the inertial period and thereby an indication of hurricanegenerated near-inertial ocean response. Greatbatch [1984] considered it to be about the same as his k parameter, a ratio of the time during which upwelling occurs to the time over which deep water entrainment occurs. The Mach number is an indication of the degree of hurricane-induced upwelling and is given by
where c is the gravest mode internal wave phase speed, assumed to have a nominal value of 1.9 m s À1 [Dickey et al., 1998b] . The isopycnal displacement of the seasonal thermocline due to storm-induced upwelling is defined by Price et al. [1994] as
where r 0 is the water density (we used a nominal value of 1020 kg m
À3
) and t is the wind stress calculated from
where r a is the air density (we used a nominal value of 1.26 kg m
) and U 10 is the maximum wind speed of the hurricane.
Parameters Derived From National Ocean Data Center 1998 Atlas
[16] Because we do not have in situ oceanographic measurements during hurricane passage, we attempted to estimate the effects of hurricane-induced upwelling entrainment by deriving seasonal thermocline and nitracline depths from climatological data. The resulting estimates were compared with our satellite observations in an effort to learn whether the observed post-hurricane chl-a increase could be consistent with a phytoplankton bloom initiated by the entrained nutrients. For this climatological data, we used the NOAA National Ocean Data Center (NODC) 1998 World Ocean Atlas, which includes seasonal nitrate profiles down to various depths [Conkright et al., 1998] . The values in this atlas are objectively analyzed 1°squares at standard depths that are interpolated from actual profile measurements made at different times and locations over a number of years. For temperature, there is a profile for each month at each integer latitude and longitude at standard depths. For nitrate, there is a profile at each integer latitude and longitude and these profiles are organized into trimonthly blocks according to season (e.g., January, February, and March are winter) because there are fewer data for nutrients. In our analysis, we used the seasonal nitrate values at the NODC-defined standard depths down to 300 m (i.e., 0, 10, 20, 30, 50, 75, 100, 125, 150, 200, 250 , and 300 m depths). Note that while limited numbers of chl-a profiles were available from NODC, they were not used in our analysis because they were annual means that only extended to depths of 100 m.
[17] For each hurricane track point within the box, the NODC profile values at the closest NODC grid point (i.e., integer latitude and longitude) were identified. Only those NODC profiles without any missing or zero nitrate values between the surface and 300 m depth were used. As we did for the satellite-derived SST and chl-a data, we used values from NODC grid points within a cell defined for each hurricane track point as follows. For each track point, each cell extends 2°longitude to the right and 1°longitude to the left of the hurricane track and is also bounded by latitudes a half degree north and south of each hurricane track point.
[18] For each hurricane, we took each along-track NODC profile and determined the slope between each pair of NODC-defined standard depths. The depths at the top of the maximum slopes of nitrate were called the nitracline depths for each NODC grid point along the hurricane track. The mean of these depths for each hurricane then became the nitracline depth for that storm. It should be kept in mind that these depth estimates are rather coarse because of the large differences between the NODC standard depths, especially below 50 m. Finally, storm impact on the nitracline was estimated by combining this NODC-based climatological nitracline depth with the estimate of thermocline displacement (h) described earlier.
Remote Sensing Observations
[19] Table 1 
1998 Hurricane Season
[20] According to the NHC, the 1998 Atlantic hurricane season was more active than usual. It was the first complete season in which SeaWiFS made observations and produced two hurricanes (Bonnie and Danielle) that crossed the Sargasso Sea (Figure 1 ). The SST image in Figure 1 was selected as an example illustration because it shows the SST around the time Bonnie and Danielle crossed the box.
[ . At the same time, its forward motion slowed to less than 3 m s
À1
. During 24 August, its forward motion slowly increased to about 4 m s À1 . Because of its horizontal extent, Bonnie disturbed a large area of ocean and presented a considerable threat as it accelerated toward the coast at almost 7 m s À1 on 25 August. Bonnie's winds decreased to 38 m s À1 and its forward motion decreased to less than 5 m s À1 as Bonnie's eye crossed the Carolina coast on 26 August.
[22] We now illustrate the method of determining prestorm and post-storm chl-a and SST values using Bonnie as an example. We used several satellite images of SST and chl-a, beginning a couple of weeks before storm passage to weeks or months following storm passage, depending on when the chl-a values returned closest to their pre-storm values. For example, comparing the satellite images of undisturbed SST and chl-a (Figures 2a and 2b, respectively) with those following the passage of Bonnie (Figures 3a  and 3b ), an increase in the near-surface chl-a appears along the storm track in the same vicinity as the cool wake resulting from the induced mixing and upwelling. Recall that this region of the North Atlantic is typically oligotrophic so that chlorophyll concentrations in this area are rather low. Therefore the chl-a scale used in these SeaWiFS images is linear with the scale maximum deliberately set to a low value to emphasize the features shown in the Sargasso Sea. This means that chl-a concentrations greater than the maximum value on this scale will be indistinguishable from the scale maximum and chl-a concentrations should not be determined for coastal regions from these images. This scaling limit was only used to produce the images in Figures 2b and 3b in order to emphasize the chl-a wake left by Bonnie and was not imposed when the subsequent chl-a calculations were made.
[23] The along-track spatially averaged 8-day mean chl-a concentrations within the box defined above were determined, as described in section 2, for nine contiguous 8-day periods between 5 August and 16 October. A time series of the resulting chl-a over seven of these contiguous 8-day periods is shown in the top panel of Figure 4 , with the time during which Bonnie was in the box shown by the ) from the previous 8-day period. During the 29 August to 5 September and 14-21 September periods, this mean fell very slowly, although at least some of this effect may be because Hurricane Danielle crossed Bonnie's path during 26-31 August. In fact, Danielle entered the box near its southeast corner about 21 hours after Bonnie left the box near its northwest corner (Figure 1 ). Bonnie exited our box on 26 August, but it wasn't until the 8-day period beginning 8 October that the along-track averaged 8-day mean surface chl-a level returned to a level closest (within 3.5%) to the pre-Bonnie level.
[24] The lower half of Figure 4 shows the time series SST response to Bonnie along the track in the same way that the along-track chl-a values were determined. This 7-day composite SST decreased by about 2°C (about 6.9%) following passage of this storm. Later this SST increased toward its pre-storm values. Time series of SST and chl-a such as these were used to determine the SST and chl-a before and after each hurricane. The pre-hurricane values were those before the hurricane entered the box, while the post-hurricane Figure 2a . The 7-day composite sea surface temperature data acquired 18 August 1998 from NOAA-12 and NOAA-14, before the passage of Bonnie.
values were those while the hurricane was within the box or just after it left the box. Note that the peak post-Bonnie 8-day mean chl-a pixel value (1.135 mg m À3 ) during this same time period is much larger than the peak post-Bonnie averaged value shown in Figure 4 and Table 1, with the difference being that this larger value was not spatially averaged over the area within 1°longitude to the left and 2°longitude to the right of the hurricane track located within the box. Because this maximum pixel value occurred only three times in the post-Bonnie chl-a image, a histogram was plotted in Figure 5 to illustrate the frequency distribution of the pre-Bonnie and post-Bonnie nonzero pixel values. Note, that if the most frequent chl-a pixel values were used, the post-Bonnie chl-a increase would be about 62.5%.
[25] Danielle became a hurricane on 25 August, after originating from a tropical wave that moved off the west coast of Africa and became a tropical depression near the Cape Verde Islands. It entered the box in crossing their cool wake [Brand, 1971; Anthes and Chang, 1978] and even the strength of the parent storm due to the reduced energy supply associated with cooler waters [Black and Holland, 1995] . While Danielle exited the box on 1 September, it wasn't until the 8-day period beginning 14 September that the spatially averaged 8-day mean surface chl-a value fell to a value close to, and actually just below, its pre-storm value.
1999 Hurricane Season
[26] According to the NHC, the 1999 Atlantic hurricane season was slightly above average in number, with eight hurricanes compared to a long-term seasonal average of six. Although there are no major hurricanes in a typical season before the end of August, there had been two major hurricanes by that time in 1999. The 1999 season was further remarkable in that it had the largest number of SaffirSimpson Category 4 (wind speeds 58-69 m s
À1
) hurricanes in a single season since 1886, according to the NHC. The hurricanes that entered our box during 1999 were Cindy, Dennis, Floyd, Gert, and José ( Figure 6 ). The SST image from 16 September is used to illustrate this season because it shows the SST near the times most of the hurricanes were in or near the box. Of the 13 hurricanes we examined, Cindy had the lowest pre-passage surface chl-a value. After Cindy exited the box on 29 August, the along-track surface chl-a value fell to a value closest to its pre-hurricane level for the 8-day period beginning 30 September.
[28] Dennis originated from a tropical wave that moved off the African coast and became a tropical depression near Turks Island north of Hispañola. Dennis developed into a tropical storm with 16 m s À1 winds within our box on ). The along-track spatially averaged surface chl-a value returned to a value closest to (within about 2%) its pre-Dennis value for the 8-day period beginning 6 September.
[29] Floyd originated from a tropical wave that emerged from Africa and became a tropical depression east of the Lesser Antilles. Floyd entered our box as a hurricane with 36 m s À1 winds in the afternoon of 10 September. It strengthened with winds of 69 m s À1 on 13 September, perhaps as a result of crossing the very warm patch of water (seen near the ''F'' in Floyd on Figure 6 ). It maintained that strength for about 24 hours before the winds decreased to about 63 m s À1 as it exited the box on 15 September. Floyd was faster than Dennis and moved at about 21 km hr À1 . After exiting the box on 15 September, the averaged alongtrack surface chl-a value fell to closest to its pre-storm value (within about 6%) for the 8-day period beginning 8 October.
[30] Of the 1999 storms examined, only Dennis and Floyd crossed each other's tracks. Recall that in 1998, Bonnie and Danielle crossed each other's tracks also. The change in chl-a and SST associated with Dennis (about a 16% increase and 4% drop, respectively) was less than that with Bonnie (about a 34% increase and 7% drop, respectively). However, the change in chl-a and SST associated with Floyd (25% increase and 5% decrease, respectively) was close to that with Danielle (23% increase and 4% decrease, respectively). In 1998, the more powerful storm (Bonnie) preceded the weaker storm. In 1999, the more powerful storm (Floyd) followed the weaker storm. There was over a week gap between Dennis' exit and Floyd's entering the box while there was less than a 24-hour gap in time between when Danielle and Bonnie were within the box. In addition, the tracks of Dennis and Floyd were much closer to the U.S. coast where both SST and chl-a were already higher prior to the influence of these storms.
[31] Gert originated from a tropical wave that developed into a tropical depression in the far eastern North Atlantic Figure 4 . SeaWiFS-derived mean chlorophyll and AVHRR-derived mean SST from the along-track region along the part of Bonnie's path described in the text.
Ocean. Gert entered the southeast corner of the box as a hurricane with 63 m s À1 winds on 17 September. Once inside the box, it slowly weakened until it exited the box on 21 September with 49 m s À1 winds. The along-track spatially averaged 8-day mean surface chl-a fell to a value closest to its pre-storm value for the 8-day period beginning 16 October. The largest along-track area-averaged increase in chl-a (37%) in 1999 occurred with Hurricane Gert. However, Gert had the second largest SST decrease (6.8%), compared with the largest SST decrease (8.5%) for Cindy, for the 1999 season. While Gert and Cindy were within the box, their maximum wind speeds were the same (63 m s
) and their mean wind speeds were almost the same (a difference of only 1 m s
). The different chl-a response to SST decrease between these storms may be due to the fact that Gert was a larger storm and spent more time inside the box (i.e., Ekman pumping was probably more pronounced) than Cindy.
[32] José originated from a tropical wave that exited the African coast and became a tropical depression between Africa and the Lesser Antilles. José became a tropical storm on 17 October and strengthened to a hurricane on 19 October. After its winds reached 45 m s À1 on 20 October, it weakened to a tropical storm on 21 October. It then entered the box on 22 October as a tropical storm (29 m s À1 winds). It weakened further to 27 m s À1 winds on 23 October before re-intensifying and leaving the box as a hurricane (34 m s À1 winds) on 24 October. The area-averaged chl-a increased from 0.0590 mg m À3 to 0.0620 mg m À3 after José left the box and continued to increase, reaching 0.0806 mg m À3 by the end of November (we did not collect SeaWiFS chl-a values after 30 November). Note that we always chose values for post-storm chl-a peaks that occurred no later than about a week after hurricane passage, in order to be more certain that these increases were associated with a particular storm. Of the 13 storms studied, José had the smallest increase in along-track chl-a (both absolute value and percent). Although its SST response was weak (0.54°C), it was not quite as weak as 2001 Erin. José was the smallest and had the weakest winds of the five 1999 storms we examined.
2000 Hurricane Season
[33] The 2000 Atlantic hurricane season was also above average, both in the number of tropical storms and in the number of hurricanes (eight compared to a typical season of six), according to the NHC. Interestingly, there were no hurricane landfalls in the United States during this season [Elsner, 2003] . Four hurricanes (Alberto, Florence, Isaac, and Michael) entered our box (Figure 7 ). Alberto and Isaac were among the strongest of the season.
[34] Hurricane Alberto made the NHC record as the third longest-lived tropical cyclone in the Atlantic. It formed off the African coast on 3 August, became a hurricane on 5 August, weakened to a tropical storm on 9 August, but regained hurricane strength on 10 August. It entered our box on 9 August with 31 m s À1 winds and exited on 11 August with 38 m s À1 winds, never moving farther west than about 58.7°W longitude. The along-track spatially averaged 8-day mean chl-a concentration returned to a , the pre-Bonnie and post-Bonnie images contained 1.6% and 5.9% of the total nonzero pixels, respectively. value closest to its pre-Alberto level for the 8-day period beginning 13 September.
[35] Florence originated from a subtropical depression associated with a cold front that had moved off the U.S. east coast during the first week in September and become stationary over the western North Atlantic. Florence acquired tropical characteristics and was classified as a tropical depression within our box on 11 September and strengthened to a hurricane on 12 September. It quickly weakened to tropical storm strength on 13 September. While it remained within our box for about 108 hours, it was a hurricane (34 m s À1 winds) for less than 24 hours. Its forward motion made it one of the slowest hurricanes in our study. The maximum radius of hurricane-force winds was only 35 km. After Florence left the box on 16 September, the along-track spatially averaged 8-day mean chl-a fell to a value closest to its pre-storm level for the 8-day period beginning 21 September.
[36] Isaac originated from a strong tropical wave that emerged from the western African coast and became a tropical depression near the Cape Verde Islands. Isaac entered our box on 29 September with 58 m s À1 winds and quickly exited the box about 12 hours later the same day with 54 m s À1 winds. Isaac was the strongest storm (58 m s À1 winds) and had the largest maximum tropical storm force wind radius (370 km) of any of the year 2000 storms we studied. In contrast, the radius of its hurricaneforce winds was only 95 km. For the 2000 season, it was the fastest moving storm and had the largest along-track SST decrease (2.1°C). It had the largest chl-a increase (91%) of all 13 hurricanes. After Isaac left the box on 29 September, the along-track area averaged chl-a returned to a value closest to its pre-storm level for the 8-day period beginning 15 October.
[37] Like Florence, Michael had its origins from a subtropical depression associated with a cold front that had moved off the southeast U.S. coast on 7 October and became stationary over the western North Atlantic. Michael acquired tropical characteristics and was classified as a tropical storm on 17 October while it was within our box. It became a hurricane (34 m s À1 winds) later that same day. It exited the box on 18 October about 36 hours after it formed. Although Michael was a small and weak storm, it had the second largest increase in along-track chl-a (about 80%) of any of the 13 storms we studied. It had almost the largest decrease in SST for the year 2000. One explanation may be that it was the slowest moving storm of all 13 studied, with a mean forward motion of only 7.7 km hr À1 . The next slowest was Florence at 11.5 km hr À1 . After Michael exited the box on 18 October, the along-track areaaveraged chl-a fell from its peak value of 0.1364 mg m À3 to 0.1190 mg m À3 but then alternately rose and fell between about 0.14 and 0.12 mg m À3 through the end of November (we did not analyze SeaWiFS data beyond the end of November).
2001 Hurricane Season
[38] The 2001 Atlantic hurricane season was also a very active one, with nine hurricanes (compared with six in an average season), four of them major. All the storms that eventually became hurricanes formed during September through November. Interestingly, three of these formed during November, which was an NHC record for that month, and two of these were major hurricanes. For this season, only Hurricanes Erin and Michelle were well within the box (Figure 8 ).
[39] Erin originated from a tropical wave that had emerged off the African coast and became a tropical depression near the Cape Verde Islands on September 1. Erin became a tropical storm on 2 September, dissipated on 5 September, and then re-formed on 6 September. It entered our box that same day with 16 m s À1 winds and became a hurricane on 8 September. The winds increased to 47 m s À1 by the time it exited our box on 9 September. The along-track spatially averaged 8-day mean chl-a value returned to a value closest to its pre-Erin level for the 8-day period beginning 22 September. The maximum along-track 8-day mean chl-a pixel was 0.389 mg m
À3
, compared with the alongtrack area-averaged chl-a of 0.0565 mg m À3 in Table 1 . [40] Michelle originated from a tropical wave that emerged off the African coast but did not develop into a tropical depression until it was off the coast of Nicaragua on 29 October. Michelle became a hurricane on 2 November and entered our box on 5 November with 38 m s À1 winds. The winds weakened to 34 m s À1 later the same day. On 6 November, the winds returned to 38 m s À1 but weakened to minimal hurricane force (34 m s
À1
) by the time it exited our box later that same day. After exiting the box on 6 November, the along-track area-averaged chl-a returned to a value closest to its pre-Michelle level for the 8-day period beginning 9 November. The maximum along-track 8-day mean chl-a pixel was 3.802 mg m
À3
, compared with the along-track area-averaged chl-a of 0.151 mg m À3 in Table 1 . Michelle had the fastest transit speed of any of the storms we studied. It was weaker than Erin but had the greater effect on both chl-a increase and SST decrease. One reason may be because it was more than twice as large as Erin while within the box and therefore affected a much greater area.
Analysis and Discussion
[41] Each of the years 1998 through 2001 saw higher than normal hurricane activity for the Atlantic basin. Of the 13 hurricanes that entered our box during these years, five each occurred in the months of August and September, two occurred in October, and one occurred in November. We found a post-hurricane increase in chl-a and a decrease in SST for all the hurricanes we studied (Table 1 ). The poststorm peak chl-a pixel values were always larger than the along-track area mean chl-a values derived as per section 2, indicating that these means may underestimate the peak chl-a response to a hurricane.
[42] Figure 9 shows a consistent SST decrease and chl-a increase following hurricane passage that demonstrates a nearly linear relationship. Each point on the plot is represented by a set of four characters: a lower case letter representing the initial of the month the hurricane was within our box, two numerical digits representing the last two digits of the year, and an upper case letter representing the initial of the storm name (e.g., s99G is 1999 Gert, which was within our box during the month of September). The two hurricanes with the weakest chl-a responses, 1999 José and 2001 Erin, had the smallest SST decreases. Both storms had small hurricane-force wind radii. While Erin had a maximum wind speed about 13 m s À1 larger than José, their mean wind speeds were within 1 m s À1 of each other. [43] In addition to the satellite-observed along-track SST decreases and chl-a increases, Table 1 also lists the NHC physical hurricane parameters described earlier. A mostly linear relationship was found between percent chl-a increase and mean wind speed (Figure 10 ), tropical storm force wind radius, and hurricane-force wind radius. In an effort to quantify the influence of these meteorological parameters on the ocean below, the quantities defined in equations (1) - (5) in section 2 were calculated and are provided in Table 2 .
[44] The NODC 1998 Ocean Atlas, which includes a seasonal nitrate climatology, was used to estimate the nitracline depths along the tracks of the hurricanes. For each hurricane, the isopycnal displacement of the seasonal thermocline (h) provides an indication of the effects of Ekman pumping on these nitrate profiles. While we attempted to estimate more directly the post-hurricane nutrient enrichment of the mixed layer, this proved to be highly problematic due to the inherent limitations of the climatological data in relation to the highly episodic and nonlinear nature of these events. Instead, for each hurricane, we added h to the NODC-derived average along-track nitracline depth. Figures 11 and 12 show a similar linear relationship between percent chl-a increase and both a derived hurricane characteristic (S) and a derived measure of oceanic response (nitracline depth plus h).
[45] Most of the 13 hurricanes examined (Figures 9 -12 ) show a similar trend, indicating that storm-induced increases in satellite-observed chl-a could be accompanied by storminduced increases in surface nitrate concentration due to upwelling and entrainment (e.g., see Figure 11 showing that the pre-storm versus post-storm chl-a differences correlate well with S). This gives us some additional confidence that at least some of the chl-a increase observed overall may be the result of a storm-induced phytoplankton bloom.
[46] It is also interesting to note that the three outliers in the hurricane parameter plots (Figures 9 -11 ) are also outliers in Figure 12 : 2000 Florence, 2000 Isaac, and 2000 Michael. When all 13 storms are included, the coefficient of determination (square of the correlation coefficient) is near zero for maximum wind speed and less than 0.12 for tropical and hurricane-force wind radii. The coefficient of determination tells us roughly what percent of the variance can be explained by a linear relationship, so a value of 0.12 means that only 12% of the variance can be explained. However, when these three storms are excluded, then maximum wind speed explains 41% of the variance, mean wind speed explains 58% of the variance, tropical storm force wind radius explains 50% of the variance, and hurricane-force wind radius explains 66% of the variance. The transit time explains 25% of the variance, transit distance explains 19% of the variance, and transit speed explains only 6% of the variance.
[47] The percent increases in chl-a with the three outlier storms noted above were much larger than what might be expected based on the observed physical characteristics of the remaining ten storms. Florence and Isaac crossed our box in September, while Michael crossed it in October, so it is not obvious that seasonal effects account for these differences. Isaac, Michael, and Florence had the largest chl-a increases of any of the storms examined (Figure 9) , with percent increases of 91, 80, and 64%, respectively. In Table 1 , we see that these three storms were also distinguished by their relatively small hurricane-force wind radii. Florence and Michael were the weakest in terms of mean wind speed and shared the smallest hurricane-force wind radii of all the storms examined. Florence and Michael formed the farthest north of any of the 13 storms examined, and, unlike the other storms, they originated from subtropical depressions that formed following passage of a cold front from the U.S. east coast into the western North Atlantic. Isaac originated from a tropical wave and formed Figure 9 . SeaWiFS-derived mean chlorophyll change and AVHRR-derived mean SST change for passage of each of the 13 storms through 20°N, 78°W, 32°N, and 55°W. The labels indicate the first initial of the month the storm was within our box (lower case), the last two digits of the year, and the first initial of the storm name (upper case). The line is a linear least squares fit to all these points. Figure 10 . SeaWiFS-derived mean chlorophyll percent change and mean sustained storm wind speed for passage of each of the 13 storms through 20°N, 78°W, 32°N, and 55°W. The labels indicate the first initial of the month the storm was within our box (lower case), the last two digits of the year, and the first initial of the storm name (upper case). The line is a linear least squares fit to all these points. in the tropical waters off the African coast. Michael had the slowest transit speed of any storm examined, with Florence being the next slowest. Isaac had the second fastest transit speed. Florence and Isaac both had nondimensional storm speeds (S) near unity, indicating that inertial resonance may have contributed to the oceanic response.
[48] Given the observed relation between SST and chl-a responses (Figure 9 ), is the observed chl-a indicative only of entrainment of subsurface phytoplankton or of some combination of chl-a entrainment with a phytoplankton bloom resulting from entrained or upwelled nutrients? Because the DCM in summertime oligotrophic waters is generally shallower than the nutricline, it is possible that storm-induced mixing could entrain phytoplankton into surface waters without a concomitant injection of nutrients. However, the resulting post-storm surface chl-a response would dissipate relatively quickly due to the lack of nutrients near the surface. Alternatively, if the storm-induced mixing entrained both phytoplankton and nutrients from below, then a more pronounced and persistent increase in surface chl-a would be observed because the entrained phytoplankton would benefit from both the entrained nutrients and the increased irradiance.
[49] As mentioned in section 2, the NODC chl-a profiles were annual means down to a depth of 100 m, so we could not test the alternate hypothesis that our observations were due only to entrainment of chl-a. However, we do note that the average time for the satellite-observed along-track areaaveraged surface chl-a concentrations to fall from their hurricane-associated peaks to values closest to their prestorm concentrations was about 3 weeks. The shortest chl-a restoration times were on the order of a few days and Figure 11 . SeaWiFS-derived mean chlorophyll percent change and non-dimensional storm speed S for passage of each of the 13 storms through by 20°N, 78°W, 32°N, and 55°W. The labels indicate the first initial of the month the storm was within our box (lower case), the last two digits of the year, and the first initial of the storm name (upper case). The line is a linear least squares fit to all these points.
occurred with 2001 Michelle and 2000 Florence. Therefore it is possible that chl-a entrainment was dominant in these two cases, so that mixing dispersed the entrained chl-a without significant offset by a phytoplankton bloom producing chl-a that would have resulted in near-surface chl-a concentrations persisting for longer periods. The longer chl-a restoration times observed with the remaining 11 hurricanes are likely more consistent with at least the additional effect of a phytoplankton bloom induced by nutrient injection.
Conclusions
[50] A scientific understanding of the seasonal cycle of near-surface phytoplankton concentration and blooms has historically been constrained by fundamental in situ sampling limitations, which can result in significantly aliased characterizations of pelagic systems [Wiggert et al., 1994] . In particular, ship-based sampling has been restricted to approximately monthly observations over the seasonal cycle [e.g., Steinberg et al., 2001] . In situ sampling from ships has necessarily neglected characterizing the impact of strong wind events, especially hurricanes. As a consequence, contributions of hurricanes and mesoscale phenomena to the so-called mean state of oceanic ecosystems remains largely unresolved. Satellite observations are especially valuable in contributing to a reduction in this uncertainty.
[51] Recent observations by satellites, in addition to serendipitous hurricane passes over moorings, are providing growing evidence that episodic events, such as hurricanes and eddies, play important roles in upper ocean ecology, including phytoplankton concentrations and species succession, biogeochemical cycling and global climate change [e.g., Marra et al., 1990; Dickey et al., 1993 Dickey et al., , 1998a Dickey et al., , 1998b Dickey et al., , 2001 McGillicuddy et al., 1998; Bates et al., 1998; McNeil et al., 1999] . The recent availability of satellite-derived estimates of chl-a from SeaWiFS as well as AVHRR SST has provided an opportunity to explore the physical and biological responses to 13 hurricanes during the period 1998-2001. We used these estimates and focused our study on the western subtropical North Atlantic including the Sargasso Sea, whose oligotrophic waters are sensitive to mixing and entrainment processes yet remain uncomplicated by processes associated with proximity to coastal regions.
[52] The observed increases in chl-a in the wakes of these hurricanes ranged from a minimum of 5% to a maximum of 91%. This maximum is comparable to the spring bloom near Bermuda, which shows an increase of over 100% but with absolute magnitudes more pronounced than our observations of hurricane wakes [Banse and English, 1994] . The wake of increased chl-a coincides with the SST cooling distribution, forms within a few days of hurricane passage, and usually lasts for weeks following storm passage. Thus, for most of these hurricanes, the timing of the observed chl-a changes appears consistent with nutrientinduced phytoplankton blooms in addition to any chl-a entrainment that may also have occurred. This interpretation is also consistent with the results of a preliminary interdisciplinary modeling study [Babin et al., 2002] . If verified, Figure 12 . SeaWiFS-derived mean chlorophyll percent change is the ordinate and NODC-derived mean nitracline depth plus isopycnal displacement from the seasonal thermocline (h) is the abscissa. The line is a linear least squares fit to all these points. The labels indicate the first initial of the month the storm was within our box (lower case), the last two digits of the year, and the first initial of the storm name (upper case). the mechanism should be similar to that for blooms observed in situ with, for example, coastal upwelling events.
[53] Of the 13 hurricanes examined, three (Florence, Isaac, and Michael) appeared to be outliers in that their post-storm chl-a increases relative to their SST decreases were much larger than for the other storms. One common feature of these three storms was their relatively small hurricane-force wind radii. Two of them had the weakest mean wind speed and the smallest hurricane-force wind radii of all the storms examined. Florence had a short poststorm surface chl-a restoration time (a week), but the other two hurricanes had restoration times of about 2 weeks or more. One possible explanation may be that these three storms contained significant quantities of entrained dust and that the resulting wet deposition of iron enhanced the effects of these storms. [54] Perhaps a more likely explanation of our three outliers involves the fact that Florence and Isaac had nondimensional storm speeds very close to unity so that the chl-a responses were more affected by inertial resonance and the fact that Michael was the slowest moving of all 13 storms studied. In addition, Florence and Michael formed the farthest north and developed from subtropical depressions associated with cold frontal passages. Prior to the development of these two hurricanes, the passages of cold fronts over the northern Sargasso Sea in the future storm paths occurred. It is likely that the elevated air-sea temperature gradient associated with these atmospheric fronts led to increased heat flux that stimulated convective mixing that, in turn, initiated the erosion of water column stratification. Such a breakdown in stratification would allow for greater nutrient entrainment during the subsequent hurricane passage and the more pronounced phytoplankton response observed in the SeaWiFS imagery. Unfortunately, we do not have enough information to provide an entirely consistent and verified picture of what differences in these three storms led to their larger post-storm chl-a increases.
[55] Simple models of the biology of the mixed layer relate chl-a concentration to the strength and persistence of the surface winds. Indeed, we find that several physical parameters related to storm intensity, including wind strength and storm radius, are positively correlated with post-storm, satellite-derived chl-a increases. However, the results indicate a complex relationship between physical processes of mixing and entrainment and the intensity of the biological response. This is consistent with a past interdisciplinary modeling study that demonstrated a nonlinear enhancement of nutrient entrainment associated with elevated, time-varying surface winds [Klein and Coste, 1984] . The application of interdisciplinary models that include a more complex ecosystem component would significantly advance our understanding of phytoplankton response to hurricane passage.
[56] Although a chl-a increase has often been observed in other upwelling areas, we believe that this is the first documented satellite observation of this phenomenon in association with the cool wakes of hurricanes in the deep ocean. While the Sargasso Sea may be considered an ocean desert due to its low levels of nutrients, new production is maintained at levels of 50 g C m À2 yr À1 [e.g., McGillicuddy et al., 1998 ]. It is possible that the three to four hurricanes that cross this region on average each year may contribute to the region's annual new production budget at a level similar to the estimated mesoscale eddy contribution [McGillicuddy and Robinson, 1997] . Because climate changes associated with El Niño Southern Oscillation [Gray, 1984] and global warming [Emanuel, 1987; Saunders and Harris, 1997] may influence the frequency and intensity of these storms, there may be important contributions to climate resulting from storm-induced biological and biogeochemical activity in the oligotrophic subtropical oceans [e.g., Bates et al., 1998 ]. Development of coupled climate models will likely be necessary to address this issue. Because of the lack of interdisciplinary subsurface data sets, we cannot state conclusively that our observed changes in chl-a are the result of hurricane-induced nutrient injections and/or other effects such as entrainment or upwelling of waters with high chl-a concentrations. However, our results can serve to stimulate and guide future multiplatform field, satellite, and modeling studies that would advance our understanding of hurricane and typhoon influence on upper ocean ecosystems and biogeochemistry.
Appendix A: Satellite Data Used in This Study
[57] SeaWiFS was designed to study ocean pigments, especially those associated with phytoplankton. It uses an eight-band spectroradiometer with a nominal spatial resolution of 1 km at nadir and a revisit time of 1 day. The levelthree data products are binned to a 9 Â 9 km spatial grid and include chl-a concentration, which is commonly considered a direct proxy for the magnitude of the surface ocean's phytoplankton population. The NASA Goddard Space Flight Center SeaWiFS Project Office derives chl-a from water-leaving radiances after atmospheric correction using empirical algorithms [O'Reilly et al., 1998 ]. The level-three chl-a values we obtained from NASA were derived from an algorithm (called OC4 by O'Reilly et al. [1998] ) that uses a maximum band ratio technique and that has been validated for the open ocean by comparison with in situ data. When this algorithm was parameterized with over 2800 data sets of coincident in situ chl-a measurements, the correlation between them was 0.9 with a slope of unity and zero intercept over a wide range of chl-a values [O'Reilly et al., 2000] . While the average percent error over all the data for both coastal and open ocean waters was around 24%, the scatter about this line was much less at chl-a values below about 0.5 mg m
À3
, the regime in which our measurements were made. SeaWiFS data have proven very useful in assessing changes in chl-a concentrations, such as those caused by hurricane-induced runoff in Puerto Rico [Gilbes et al., 2001] . While other ocean color imaging satellites are now in orbit, cross-calibration has not yet been completed. Therefore, for the sake of consistency and for the 1998-2001 years of interest, we have chosen to use only SeaWiFS data for this study. To minimize the effects of clouds, the SeaWiFS data products use the 865-nm channel for cloud detection. Because the Sargasso Sea SSTs during our study were greater than 20°C and high level clouds are much cooler, these data should have minimal cloud contamination. In order to use near-real time data while further minimizing the effects of any cloud-contaminated pixels, the level-three 8-day mean chl-a SeaWiFS products were used in this study.
[58] The Johns Hopkins University Applied Physics Laboratory (JHU/APL) received AVHRR data broadcast from the NOAA-12 and NOAA-14 satellites during the years 1998 -2001. The AVHRR instrument has five channels and a maximum resolution of 1 km near nadir. JHU/APL uses TeraScan (SeaSpace Corporation, San Diego, California) software to register the satellite data to geographic coordinates and to derive SST images using an algorithm described by Bernstein [1982] . Details of this image processing are described by Monaldo et al. [1997] . Because it is typical for clouds to change hourly and SST features to change on the order of several days, we generate composite SST images by combining the maximum SST per pixel from both NOAA satellites over a period of 7 days. Because clouds are colder than the SSTs in the Sargasso Sea during summer and autumn, this compositing removes most of the cloud-contaminated pixels. Therefore the SSTs are not 7-day means but are believed to be sufficiently representative of the SST during each 7-day period. It should be noted that, during the times of hurricane passage through the box, the sea surface beneath the storm is obscured by clouds so that, depending on the forward speed of the hurricane, the 8-day chl-a means (obtained from NASA) along the track may really be means of less than 8 days and the 7-day SST composite values (obtained from JHU/APL) along the track may really be less than 7 days.
